Escherichia coli exonuclease Im was found to be associated with an activity that recognizes urea residues in DNA but not thymine glycol residues from which the urea residues were prepared. This activity was not due to a contaminating activity such as endonuclease m since ureacontaining DNA was a competitive inhibitor of exonuclease III when apurinic DNA was used as a substrate and vice versa. The apparent kinetic constants for both the substrate and inhibitor were determined. Like its apurinic activity, exonuclease mI activity against urea residues was endonucleolytic, nicking on the 5' side of the damage and having an optimal Mg2" concentration between 2 and 10 mM. Also, the enzyme recognized alkali-stable damages produced in DNA by H202 in vitro. We suggest that it may be this activity of exonuclease III that accounts for its biological role in vivo.
Exonuclease III ofEscherichia coli is a complex enzyme that contains 3' exonuclease and phosphatase activities specific for duplex DNA (1, 2) as well as an apurinic (AP) endonucleolytic activity (3) (4) (5) . Even though the AP activity of exonuclease III accounts for about 90% of the total AP activity in the E. coli cell (6, 7) , xth mutants that lack exonuclease III (8) are not markedly sensitive to alkylating agents, such as methyl methanesulfonate, that produce AP sites (6, 7) . Further, single-strand breaks produced by ionizing radiation may contain 3' phosphate termini or 3' glycolic ends (9) . Such termini would require a 3' phosphataseexonuclease activity so that the strand breaks would be a substrate for repair by DNA polymerase I. Although exonuclease III accounts for >99% of this activity in E. coli (10) , xth mutants are not sensitive to x-rays (7) .
The most profound phenotype thus far associated with exonuclease III deficiency is the extreme sensitivity of xth mutants to H202, about 20-fold greater than that of wild type (11) . We report here that exonuclease III can endonucleolytically incise adjacent to alkali-stable fragmented residues of thymine in DNA, and we propose that this activity may be responsible for repairing DNA damage produced by free radicals generated by metabolic oxygen and that this may be the principal biological role for exonuclease III. MATERIALS AND METHODS Bacteria and Bacteriophage. E. coli AB3027, a mutant in exonuclease III, was obtained from the E. coli Genetic Stock Center (Yale University) and used for the preparation of endonuclease III. PM2 bacteriophage and host Altermonas espejiana were grown as described (12) .
Enzymes. DNA polymerase I (E. colt) Klenow fragment was purchased from P-L Biochemicals, and exonuclease III, a physically homogeneous enzyme prepared from E. coli K12BE257/pSGR3, a thermoinducible overproducer of exonuclease III, was obtained from New England Biolabs as well as from P-L Biochemicals. Endonuclease III was purified as described (13) .
Nucleic Acids and Derivatives. PM2 [3H]DNA was prepared as described (12) and was always >95% form I. Poly( [2- '4C]dT) was prepared according to Breimer and Lindahl (14) with the following modifications. The reaction mixture (1 ml) contained 40 mM potassium cacodylate (pH 6.8) For the fluorometric assay, the enzyme reaction was terminated with 1.5 ml of a solution containing 20 mM KH2PO4 (pH 11.8), 2 mM EDTA, and 0.5 ,ug of ethidium bromide per ml. The average number of enzyme-sensitive sites was estimated as described (16) .
For agarose gel electrophoresis, 40 ,lI (one-fifth the volume of the reaction medium) of a solution was added that contained 30% glycerol, 0.025% bromophenol blue, 0.1 M KH2PO4, 10 mM EDTA, and 1 M KCl (pH 10.0). At pH 10.0, AP sites were not cleaved within the experimental period.
Samples, 20 ,4, were loaded onto a 0.8% agarose gel and electrophoresed at 100 V for 4 hr. DNA bands were stained with 0.5 ,g of ethidium bromide per ml. For unlabeled PM2 DNA, the amount of form I and form II was determined by scanning densitometry (Biomed Instruments, model SL-TRFF); for labeled PM2 DNA, DNA bands were cut, dissolved in 2 ml of 1 M HCl, and assayed for radioactivity in a scintillation counter. The average number of enzymesensitive sites was then determined by the formula: nicks/DNA = -ln(fraction of form I remaining). In cases in which the number of damages was quantitated in DNA ( urea-containing DNA was a substrate for both enzymes. Further, the number of urea residues recognized by the exonuclease III was equivalent to the number of parental thymine glycols, as assayed by the endonuclease III. The exonuclease III activity on urea-containing DNA was not due to an endonuclease III contaminant since endonuclease III recognized both thymine glycol-and urea-containing DNA, whereas exonuclease III only recognized urea fragments but not thymine glycols.
To further substantiate that the recognition of urea fragments by exonuclease III was not due to a possible contaminant that might only recognize urea but not thymine glycol, urea-containing DNA was tested for its ability to compete with exonuclease III activity on AP DNA. Fig. 1 shows that urea-containing DNA was a competitive inhibitor of AP DNA and vice versa. The kinetic constants obtained from these data are given in Table 2 . The fact that exonuclease III activity on AP or urea-containing DNA was competitively inhibited by the alternative substrate supports the idea that it is exonuclease III that is recognizing the urea fragment.
Reaction Conditions and Nature of the Nick. We found that the exonuclease III-induced nicking of urea-containing PM2 DNA was dependent on Mg2", with optimal activity between 2 and 12 mM MgCl2 (data not shown). A similar Mg2' requirement was observed when AP DNA was used as the substrate (17) .
To determine the nature of the exonuclease III-induced nick on urea-containing DNA, a DNA polymerase susceptibility assay (17) was used. Fig. 2 shows that after treatment with exonuclease III for 20 min, urea-containing DNA became a good substrate for DNA polymerase I; however, this same urea-containing DNA after treatment with endonuclease III was not a good substrate for DNA polymerase I. Endonuclease III has been shown to nick on the 3' side of thymine glycols (13, 19) and the same appears to be true for urea-containing DNA. However, exonuclease III appeared to nick on the 5' side of the urea residue in similar manner to its action on AP DNA (17) . The argument could be made that exonuclease III nicked on the 3' side of the urea residue and then exonucleolytically cleaved the urea monophosphate, leaving a substrate for DNA polymerase I. We think that this is unlikely since we did not detect any released urea mononucleotide by TLC analysis after digestion of poly(dA)-poly(dT)-containing urea residues (see next section).
Exonuclease m Recognizes Urea as an Endonuclease Not a Glycosylase. Urea-containing poly([2-14C]dT) annealed to poly(dA) was digested exhaustively with either exonuclease III or endonuclease III. Fig. 3 shows a thin-layer chromatogram ofthe products of this digestion. Urea was released only after digestion with endonuclease III, which recognizes this product as a glycosylase (13) (20) . Fig. 4 shows that when DNA was treated with a mixture of H202 and FeSO4/EDTA complex, both alkalistable, endonuclease III and exonuclease III sites were generated among a background of single-strand breaks. Demple and Linn also showed that H202 treatment of DNA results in the production of endonuclease III-sensitive sites (21) . These data suggest that the alkali-stable sites generated by the Fenton reaction under these conditions are a mixture of thymine glycols with urea and possibly formylurea and formamide. The latter are structurally similar to urea and the fragments might be small enough to provide the necessary space for exonuclease III recognition and incision.
Attempts to determine whether exonuclease III recognized other alkali-stable residues in damaged DNA were not successful. Potassium permanganate (0.1 mM) treatment of PM2 DNA at pH 7.5 for 20 min at room temperature yielded about two endonuclease III-sensitive sites; however, no exonuclease III-sensitive sites were generated even after preincubation of the permanganate-treated DNA at 370C for 4 hr prior to exonuclease III digestion. Presumably under these conditions, the DNA should have contained thymine glycols and methyltartronylurea residues (22) . Attempts to produce formylurea residues by periodate oxidation of thymine glycol were also unsuccessful due to the substantial number of single-strand breaks generated. However, the data with permanganate suggest that methyltartronylurea, due to its much longer length, is not a substrate for exonuclease III, although it is for endonuclease III, supporting the idea that a cooled, and dialyzed extensively in 10 mM Tris HCl, pH 7.5/1 mM EDTA. Thymine glycol residues on poly([2-14C]dT) were converted to urea residues by alkali hydrolysis. Urea-containing poly([2-'4C]dT) was annealed to poly(dA) by heating equimolar amounts of both homopolymers to 70°C for 3 min and letting the mixture cool slowly to room temperature. Urea-containing poly([2-14C]dT)*poly-(dA) duplex was then incubated at 37°C for 8 hr with exonuclease III (o), with endonuclease III (A), or without enzymes (e). Products released were then analyzed by TLC. T, thymine; BA, 5-hydroxy-5-methylbarbituric acid. (23): (i) a 3' exonuclease activity, which hydrolyzes the 3' terminal phosphodiester bond of DNA; (ii) a 3' ribonuclease H activity, which hydrolyzes the 3' phosphodiester bond of the RNA strand in a DNA-RNA hybrid; (iii) a 3' phosphatase activity, which hydrolyzes the 3' terminal phosphomonoester of DNA; and (iv) an AP or apyrimidinic endonuclease activity, which hydrolyzes the phosphodiester bond of DNA at the AP sites. Since exonuclease III is a small protein, Weiss (23) proposed a common-site model to explain all of these reactions. The model requires the enzyme to have three regions of recognition: (i) a region that recognizes the phosphoester bond and is responsible for the cleavage-that is, the active site; (ii) a region that recognizes the need for a duplex, either an RNA-DNA or DNA-DNA duplex; and (iii) a region that recognizes the space created either by the loss of a base (AP site) or a breathing 3' end.
Based on this model and comparing the similarity of urea residues on DNA to AP sites, we thought that the short urea chain might provide enough space for recognition by exonuclease III. Table 1 illustrates that exonuclease III recognized the alkali hydrolysis product(s) of thymine glycol residues on DNA that have been shown to contain urea residues (13, 18) . Studies in this laboratory with model compounds (unpublished data) have shown that alkali hydrolysis of thymine glycol yielded mostly urea; thymidine glycol yielded two isomers of urea deoxyribose, the pyranoside and the furanoside; whereas thymidine glycol monophosphate yielded primarily deoxyribosylurea monophosphate. Furthermore, the quantitative conversion of thymine glycol residues to exonuclease III-sensitive, alkalistable sites supports the idea that the alkali-digested DNA contained mostly urea residues and that exonuclease III recognized these residues on DNA.
The reaction catalyzed by exonuclease III using ureacontaining DNA as a substrate resembled that with an AP DNA substrate with respect to both reaction conditions and site of the nick. The enzyme acted as an endonuclease at urea residues in DNA rather than as a glycosylase (Fig. 3) , thus distinguishing it from urea glycosylases isolated from E. coli 0--eo ----_o (13, 14) or mammalian cells (24) . Further, the competition studies ( Fig. 1) substantiated that the activity against urea residues was catalyzed by exonuclease III and not a contaminant in the preparation.
Possible Biological Role of Exonuclease m. The specific activity of purified endonuclease III (at least 75% pure) against urea residues is between 60 and 150 nmol of nicks per min/mg of protein (unpublished data; ref. 25) , whereas for exonuclease III, the specific activity against urea residues was 75 umol of nicks per min/mg of protein (Table 2) . Therefore, the specific activity of exonuclease III is 103-fold higher than that of endonuclease III. Furthermore, it has been estimated that E. coli contains about 300-400 molecules of endonuclease III (unpublished data; ref. 25) , and 3500 molecules of exonuclease III per cell (23) . Though the Km for urea-containing DNA is about the same for both enzymes, 1.84 nM of urea residues for exonuclease III (Table 2 ) and 1.0 nM of urea residues for endonuclease III (unpublished data), the total activity of endonuclease III against urea residues is <1% that of exonuclease III. Furthermore, exonuclease III incised on the 5' side of the urea residue (class II AP endonuclease), whereas endonuclease III cleaved on the 3' side of the urea residue (class I AP endonuclease), which does not leave a good substrate for the polymerase I reaction. These observations suggest that exonuclease III may be the major repair enzyme in E. coli for urea damages as well as for AP sites.
Exonuclease III mutants (xth) are hypersensitive to killing by H202 (11) as well as sensitive to killing by near-UV light (300-400 nM) (26) . Xth mutants, however, are only slightly sensitive to alkylating agents, which produce substantial numbers of AP sites. This suggests that some type of alkali-stable base damage(s) is produced by H202 as well as by the photodynamic action of near-UV light that can be repaired by exonuclease III. Given the data presented here, it is conceivable that one of these damages might be urea. H202 treatment of PM2 DNA in the presence of Fe2+ produced exonuclease III-sensitive, alkali-stable sites (Fig.  4) . Further, Preiss and Zilling (27) showed that the end products of ring opening of thymine, thymidine, and thymidylic acid by 3 M H202 in vitro are urea, deoxyribosylurea, and phosphodeoxyribosylurea, respectively. Although these authors used fairly drastic conditions, it is possible that urea might be a primary end product of H202 degradation of DNA in vivo. Massie et al. (28) (30) showed that exogenously added catalase to near-UV-treated E. coli reduced its lethal and mutagenic effects, suggesting that these effects were due to H202.
Sensitive assay procedures to measure the amount of urea formed in cells under oxidative stress await development.
The formation of urea might also prove to be a marker for oxidative damage, as has been shown for thymine glycol by Cathcart et al. (31) .
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